Recent studies highlight the potential for long-term neurocognitive developmental delay in neonates suffering from hyponatraemia. 1 -3 This is of significant concern as hyponatraemia rates of up to 24% have been reported in preterm infants receiving i.v. fluids. 4 Recommendations regarding perioperative i.v. infusions in children have changed, particularly with respect to tonicity. 5 6 Many authors now recommend the use of isotonic or nearisotonic infusions perioperatively to prevent hyponatraemia. 5 7 Syndrome of inappropriate antidiuretic hormone (ADH) occurs commonly in children after spinal surgery. 6 8 Precipitating factors include pain, mechanical ventilation, and opioid administration. The risk of profound hyponatraemia in paediatric surgical patients is higher when receiving hypotonic i.v. solutions and there have been numerous reports of cerebral oedema, coning, and patient death or permanent handicap. 9 10 However, the perioperative risks of hyponatraemia have been poorly explored in neonates, and there are no such recommendations. 11 Perioperative hypotonic i.v. fluids are still used due to concerns over the expansion of their larger extracellular space with isotonic solutions and renal immaturity. Many anaesthesiologists still follow neonatal intensive care guidelines recommending hypotonic i.v. infusions containing 20-40 mM of sodium and daily sodium intakes of 2-3 mmol kg 21 day 21 . 11 These protocols do not take into account the metabolic and volume homeostasis requirements of surgery, and there is some discussion as to their appropriateness given hyponatraemia rates in neonates.
The goal of this study was to assess the change in plasma sodium concentration during neonatal surgery in the first week of life and its relationship with calculated i.v. free water administration.
Methods
This is a prospective single-centre observational study undertaken with ethical committee approval (Comité d'Evaluation de l'Ethique des Projets de Recherche Biomédicale-CEERBParis Nord). Written consent was obtained from all parents.
Inclusion criteria
Patients were included if they fulfilled the following criteria: thoracic or abdominal surgery in neonates up to 7 days old requiring preoperative i.v. fluid therapy, absence of preoperative mechanical ventilation and haemodynamic support, and absence of cardiac or vascular malformations.
Anaesthetic management
Subjects were not premedicated. Standardized laboratory examinations included: prothrombin time, activated partial thromboplastin time, haemoglobin and platelet counts, plasma fibrinogen, protein, sodium (NaP), potassium, bicarbonate, urea, creatinine, and blood sugar levels. 
The corrected factor for OSM IV , called the osmotic coefficient, was used in order to take in account the decrease in the theoretical osmolarity of perfused solutions in plasma (Table 1 ). All data were collected for preoperative and operative time periods. Hyponatraemia was defined as plasma sodium concentration (NaP),135 mmol litre 21 .
Statistical analysis
Plasma sodium changes between pre-and postoperative measurements (DNaP) were analysed along with their relationship to pre-and intraoperative i.v. free water intakes. Continuous variables were compared using analysis of variables (ANOVA), and correlations described using the Pearson correlation coefficient. In sample sizes ,30, the Spearman correlation and Mann-Whitney test were used. Discrete variables were compared using the x 2 test or Fisher's exact test. A P-value of ,0.05 was considered the threshold to reject the null hypothesis. Thresholds were defined using the receiver operating characteristic (ROC) curve analysis and determination of the Younden index (the maximal value of sensitivity+specificity). The latter was performed using a 1000 time bootstrap method that allows for re-sampling of original data in order to increase statistical precision. Regression to the mean was assessed by linear correlation and cofactor analysis (ANCOVA), 12 13 after describing distribution normality using the Shapiro-Wilk test. Regression to the mean occurs when repeated measurements of a factor are performed. It consists of spontaneous or bias-influenced evolution in extreme values measurements towards the mean or in contrast, those close to the mean towards extreme values. 13 14 Descriptive statistics were displayed as median (minimummaximum). The area under the curve (AUC), sensitivity and specificity were expressed as median (95% confidence interval). Statistical analyses were performed using SPSS 20.0 software (IBM, Chicago, IL, USA) and the pROC module (for ROC analysis with resampling) for R software 3.0.1 (The R Foundation for Statistical Computing, Vienna, Austria).
Pooled data from the literature in neonatal intensive care, preterm infants, and other paediatric populations were used to predict the occurrence of hyponatraemia, as no data are available for surgical neonates (n¼370). 3 15 16 There was a mean incidence of hyponatraemia of 40% over all studies where patients received hypotonic solutions (range: 14-100%). The mean incidence for premature neonates was 26% (n¼58). 3 Therefore, a sample size of 30 should result in four to 30 cases of postoperative hyponatraemia.
Results
Thirty-four patients were eligible for the study and all were enrolled. Surgery was abdominal (n¼26: colostomy, colectomy, small bowel atresia, omphalocoele, gastroschisis, ovarian hernia, and oesophageal atresia) or thoracic (n¼6: diaphragmatic hernia). Three subjects were found to be hyponatraemic before surgery (NaP¼133 mM in all three), and all normalized plasma sodium during surgery. Four others were found to be hyponatraemic after operation (133 mM: n¼1, 134 mM: n¼3) with a DNaP ranging from 1 to 9 mmol litre 21 .
A statistical correlation was found between DNaP and free water volume administered intraoperatively (Table 2 and Fig. 1 ). However, there was no significant correlation with free water administered before operation (Table 2) . Nor was there a significant correlation between pre-and postoperative plasma sodium values and administered free water volume, whether before operation or intraoperatively (Table 2) .
Performing an ROC curve analysis using DNaP values and postoperative hyponatraemia resulted in an AUC of 0.88 (95% confidence interval 0.7 -1). The best threshold for DNaP was 4 mM with a sensitivity of 0.75 (95% confidence interval Using this DNaP threshold and comparing subjects with DNaP.4 mM (n¼9, 26.5%) and those with lesser DNaP values (n¼25, 73.5%), a significant difference was again demonstrated for increased intraoperative free water intake (Table 3 ). There was, however, no significant difference in preoperative i.v. free water intake. Plasma protein levels also decreased significantly (DPlasma protein, Table 3 ) in subjects with DNaP.4 mM. Preoperative plasma sodium was significantly higher in subjects exhibiting a DNaP.4 mM.
Preoperative NaP was significantly higher in subjects exhibiting a DNaP,4 mM ( Table 3) . As a consequence, regression to the mean might have contributed to the higher value of DNaP in this group. Data concerning DNaP were normally distributed within all subgroups (subjects with DNaP , or .4 mM). A significant correlation was found between preoperative NaP and DNaP (r¼0.6, P,0.0001). ANCOVA using preoperative NaP as a covariate still found a significant difference in DNaP between the two groups (P,0.0001, F¼22.8), but a significant effect of preoperative hyponatraemia on this difference was also observed (P¼0.013, F¼7).
ROC curve analysis of the association of intraoperative free water intake and a DNaP≥4 mM found an AUC of 0.73 (95% confidence interval 0.53-0.93, Fig. 2 ). The Younden index was 6.5 ml kg 21 h 21 of intraoperative free water, and the sensitivity and specificity [expressed as mean (95% confidence interval)] at this threshold were 0.7 (0.9-1) and 0.5 (0.3 -0.7), respectively. Twenty-one subjects received .6.5 ml kg 21 h 21 free water intraoperatively. As expected, the percentage of subjects exhibiting DNaP≥4 mM was higher in those receiving .6.5 ml kg 21 h 21 of free water intraoperatively (n¼8, 38%) than in those receiving ,6.5 ml kg 21 h 21 (n¼1, 7.7%, P¼0.05).
Discussion
The use of hypotonic solutions during neonatal surgery was associated with reduced postoperative plasma sodium levels. Hyponatraemia occurred in 12% of cases and DNaP correlated with the amount of i.v. free water administered. DNaP values .4 mM were statistically associated with increased intraoperative i.v. free water volumes. Our population was selected to assess the effect of i.v. fluids on perioperative plasma sodium levels. Patients receiving preoperative ventilatory or haemodynamic support, factors known to favour hyponatraemia, 1 -3 10 17 were excluded. Surgical illness and operative fluid therapy were therefore the major determinants of water homeostasis. The DNaP threshold value of 4 mM used was defined by the occurrence of postoperative hyponatraemia in the sample, independent of preoperative serum sodium values. A significant correlation was found between preoperative NaP and DNaP. Given the coefficient of correlation ,1, a regression to the mean effect in the observed decrease in DNaP cannot be excluded. 14 However, when preoperative NaP was introduced as a covariate, a statistically significant difference in DNaP was still found between those subjects with a DNaP≥4 mM and those with ,4 mM. As such, even if present, regression to the mean does not explain all variation of DNaP. Preoperative plasma sodium concentration did not correlate with free water intake ( Table 2 ) and as such, it appears unlikely that preoperative sodium levels influenced perioperative fluid therapy. Intraoperative free water intake correlated significantly with DNaP and was significantly higher in subjects with DNaP.4 mM. In addition, protein levels decreased significantly in subjects where DNaP was .4 mM ( Table 3) . These results support the role of free water intake and increasing intravascular water as causal factors for hyponatraemia in neonates undergoing surgery. Neonates respond to ADH, from 26 weeks gestation (although they are less sensitive to its effects than older children and adults). 18 -23 ADH secretion is likely to occur perioperatively as a result of hypovolaemia and metabolic stimuli, including pain, inflammation, and opioid administration. 6 11 24-26 Accordingly, the combined effects of perioperative hypotonic fluids and ADH on water reabsorption in the kidney significantly favour a decrease in plasma sodium in neonates as in older children. 6 Future studies examining non-osmotic ADH secretion via urine biochemistry and serum ADH assays would be useful. 21 23 No statistical association was found between preoperative free water intake and DNaP despite larger free water intakes during this period (Tables 2 and 3 ). This could be a result of insensible hypotonic water losses in the absence of ADH secretion. One previous study of non-surgical neonates found they can cope with water and sodium intakes of 200 and 3 mg kg 21 w , respectively). Given the relatively high i.v. infusion rates used during neonatal surgery, anaesthesiologists should be aware of the possibility of a reduction in postoperative plasma sodium with any hypotonic solution.
Our sample did not include any cases of profound hyponatraemia. Furthermore, the overall incidence of hyponatraemia was relatively low, despite high free water intakes. This might be explained by neonatal renal insensitivity to ADH, lack of renal concentrating power, or both. 1 22 23 Hyponatraemia with NaP of 130 mM in neonates is detrimental to long-term neurocognitive development, especially in preterm children. 4 28 However, the consequences of perioperative hyponatraemia in this age group are unknown. One subject in the study did experience a decrease in postoperative NaP of 9 mM which would have caused profound hyponatraemia in a patient with preoperative NaP of 139 mM or less. This study emphasizes the potential for hypotonic solutions to reduce postoperative plasma sodium concentration and cause postoperative hyponatraemia. Close monitoring of plasma sodium concentration is mandatory for surgery in the first week of life. The use of isotonic and near-isotonic i.v. solutions during the operative period is recommended.
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